Preparations of the larvicidal crystal from 46-h cultures of Bacillus sphaericus 2362 contain proteins (P. Baumann, B. M. Unterman, L. Baumann, A. H. Broadwell, S. J. Abbene, and R. D. Bowditch, J. Bacteriol. 163:738-747, 1985). The 63-and 43-kDa proteins, which have been purified, are not immunologically cross-reactive, and only the 43-kDa protein is toxic to mosquito larvae. Since antigenic determinants of the two smaller proteins have been detected in the higher-molecular-weight proteins (125 and 110 kDa), it has been suggested that the latter are precursors of the 43-and 63-kDa peptides. In the present study, purified 110-kDa protein was found to be toxic to the larvae of Culex pipiens (50% lethal concentration = 115 ng/ml). A luciferase-luciferin assay for intracellular ATP as well as an assay based on the exclusion of Trypan Blue by live cells indicated that the 110-kDa protein had no effect on tissue-culture-grown cells of C. quinquefasciatus, while cells exposed to the 43-kDa protein rapidly lost viability (50% lethal concentration = 54 ,ug/ml by the intracellular ATP assay). These findings suggested that the 110-kDa protein and, by extension, the 125-kDa protein are protoxins which are activated during sporulation by cleavage to a 43-kDa toxin. To further investigate the origins and relationships of the crystal proteins of B. sphaericus, we analyzed samples during the growth and sporulation of the culture. Synthesis of crystal proteins was initiated at the end of exponential growth and was completed after about 7 h. The first crystal protein detected had a molecular mass of 125 kDa. After a transient accumulation of proteins of 80 to 95 kDa, the major bands were observed at 125, 110, 63, and 43 kDa. Heat-resistant spores began to appear at about 10 h and reached a maximum level at 22 h. The significance of these observations, with respect to the toxicity of the crystal for mosquito larvae, requires further study.
Trypan Blue by live cells indicated that the 110-kDa protein had no effect on tissue-culture-grown cells of C. quinquefasciatus, while cells exposed to the 43-kDa protein rapidly lost viability (50% lethal concentration = 54 ,ug/ml by the intracellular ATP assay). These findings suggested that the 110-kDa protein and, by extension, the 125-kDa protein are protoxins which are activated during sporulation by cleavage to a 43-kDa toxin. To further investigate the origins and relationships of the crystal proteins of B. sphaericus, we analyzed samples during the growth and sporulation of the culture. Synthesis of crystal proteins was initiated at the end of exponential growth and was completed after about 7 h. The first crystal protein detected had a molecular mass of 125 kDa. After a transient accumulation of proteins of 80 to 95 kDa, the major bands were observed at 125, 110, 63, and 43 kDa. Heat-resistant spores began to appear at about 10 h and reached a maximum level at 22 h. The significance of these observations, with respect to the toxicity of the crystal for mosquito larvae, requires further study.
Some strains of Bacillus sphaericus produce a proteinaceous parasporal crystal which is toxic to the larvae of a number of mosquito species that are responsible for the transmission of human and animal diseases (12, 37) . The larvicidal crystal is found in close proximity to the spore, enclosed within the exosporium (37, 38) . Toxicity to mosquito larvae, crystal formation, and sporulation are associated processes (18, 38) . Recently, the crystal of B. sphaericus was separated from the spore (2, 3, 23) and shown to be composed primarily of four proteins, of 43, 63, 110, and 125 kilodaltons (kDa) (2, 4) . The 63-and 43-kDa proteins have been purified, but only the latter is toxic to larvae of Culex pipiens. Additional differences between these two molecules are their amino acid compositions, their net charges at pH 7.5, and their lack of immunological cross-reactivity. Antigenic determinants of both molecules are present in the 110-and 125-kDa crystal proteins, suggesting that the higher-molecular-weight species are precursors of the 43-and 63-kDa proteins.
The most extensively studied entomocidal bacteria are the Lepidoptera-active varieties of B. thuringiensis (5, 6, 27) . In these strains, the larvicidal crystalline protein, synthesized during sporulation, contains a dimer of an approximately 135-kDa protoxin (5, 6) . Upon ingestion by a susceptible lepidopterous larva, the crystal becomes solubilized and the protoxin is activated by a combination of protease(s) and high pH to produce a toxic molecule of about 68 kDa (6, 34) . The primary source of the protease(s) appears to be the larval gut, although it has been suggested that crystalassociated enzymes may also be involved in the activation (5, 8, 33) . A recent publication provides additional evidence for the latter hypothesis (1) . Two strains of B. thuringiensis subsp. kurstaki with different amounts of 135-and 68-kDa proteins in their crystals also differed with respect to the time of protease synthesis (1). In the strain which contained primarily the 135-kDa protein, the protease was made late in the sporulation cycle, while in the strain which contained substantial amounts of the 68-kDa toxin, the protease was made early in sporulation.
Besides bioassays involving larvae, cells grown in tissue culture have been used to assay toxin from Lepidopteraactive strains of B. thuringiensis (17, 21, 22) . In the tissue culture assay, the protoxin, as expected, is essentially inactive, while the 68-kDa molecule is toxic (17) . Davidson (9) recently showed that a crude preparation of the solubilized toxin from B. sphaericus 1593, as well as the purified 43-kDa toxin from strain 2362, is cytotoxic for a cell line of C. quinquefasciatus. The aim of the present study was to gain further insight into the origins, properties, and relationships of the crystal proteins of B. sphaericus. We purified the 110-kDa protein from the crystal of B. sphaericus 2362 and compared its toxicity with that of the 43-kDa toxin in assays involving mosquito larvae as well as cells of C. quinquefasciatus grown in tissue culture. In addition, we determined the timing of the appearance of the crystal proteins of different molecular weights as well as the synthesis of proteases and spores during growth and sporulation of this strain. Some of these studies were extended to include three other larvicidal strains of B. sphaericus.
MATERIALS AND METHODS
B. sphaericus 2362 was used in the majority of the experiments. Additional strains tested in a limited survey were B. sphaericus 1593, 1691, and 2297. The sources of these strains, as well as the details of most of the methods used in the present study, have been previously described (2) . These include the general methods for crystal protein purification, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and electroblotting of proteins from gels onto nitrocellulose paper, as well as the procedure used for immunoblot assays involving the use of combined antisera to the 43-and 63-kDa proteins and the horseradishperoxidase-based Immun-Blot Assay Kit (Bio-Rad Laboratories, Richmond, Calif.).
Purification of the 110-kDa protein and determination of its larvicidal activity. The original purified crystal preparation from B. sphaericus 2362 was identical to that used in our previous study (2) . This crystal preparation primarily contained proteins of 43, 63, and 110 kDa, with smaller amounts of 98-and 125-kDa proteins (2) . The crystal preparation (85 mg [dry weight] in 6 ml of water) was dialyzed for 16 to 18 h at 4°C against 4 liters of 20 mM NaOH (pH 11)-10 mM ,-mercaptoethanol, with periodic adjustment of the pH. After centrifugation at 40,000 x g for 30 min, the supernatant fraction was divided into two aliquots and each of which was passed through a Bio-Rad P-200 column (2.5 by 100 cm; with a flow rate of 18 to 21 ml/h. The elution buffer was 20 mM [3-(cyclohexylamino)]-1-propanesulfonic acid (CAPS) (pH 10) containing 10 mM ,-mercaptoethanol and 80 mM NaCl. Fractions of 0.6 ml were collected, subjected to SDS-PAGE, and stained with Coomassie Blue. The fractions with the 110-kDa protein predominant were combined, concentrated, and rechromatographed on the same column. This procedure was repeated three to five times, and the final 110-kDa protein preparation was concentrated by a PM-30 filter (Amicon Corp., Lexington, Mass.) and dialyzed against 20 mM K2HPO4-KH2PO4 (pH 7.5). Protein was determined by the method of Lowry et al. (20) with bovine serum albumin as the standard. The toxicity of the protein to second-and third-instar larvae of C. pipiens was determined as previously described (2), with purified 43-kDa toxin as the standard.
Tissue culture assays. A cell line derived from ovarian tissues of adult C. quinquefasciatus (13) (GIBCO). A 25-cm2 plastic tissue culture flask containing 5 ml of the medium was inoculated with 0.5 ml of the cell suspension and was incubated at 28°C. When growth was nearly confluent (2 to 3 days), cells were detached from the flask by gentle agitation and were suspended in a phosphatebuffered saline solution consisting of 171 mM NaCl, 3.4 mM KCl, 10.1 mM NaHPO4, and 1.8 mM K2HPO4 (pH 7.2). After being washed once, the cells were resuspended in phosphate-buffered saline and used in the assays.
Intracellular ATP was measured by using the luciferaseluciferin reagent (Sigma Chemical Co., St. Louis, Mo.) as described by Fast et al. (11) . Cells at a concentration of 7.2 ± 0.4 x 104/ml were incubated at 28°C with various amounts of the 43-or the 110-kDa protein in a reaction mixture of 0.2 ml. After 30 min, 1.8 ml of hot 50 mM Tris hydrochloride (pH 7.7) was added to the reaction mixture, which was then heated at 100°C for 10 min. Light emission was measured with an A6100 Luminometer (Packard Instruments Co., Inc., Downers Grove, Ill.). The ATP levels detected in 60-,ul samples ranged from 10-11 to 10-13 mol.
The Trypan Blue dye exclusion assay for cell viability was performed as described by Phillips (24) . A suspension of 7.5 x 104 to 10 x 104 cells per ml, containing the indicated amount of the toxin, was incubated at 28°C. At timed intervals, 10-,lI samples were removed and mixed with 2 ,ul of 0.4% (wt/vol) Trypan Blue in phosphate-buffered saline. A hemacytometer was used to count between 200 and 300 cells; those which were stained blue were scored as dead.
Growth and sporulation. The medium used for the cultivation of strains was based on that of Kalfon et al. (18) . It contained (per liter) 100 ml of 1 M Tris hydrochloride (pH 7.5); 3 ml of 7.5% (wt/vol) K2HPO4; 0.026% (wt/vol) CaCl2. 2H20; 10 ml of a solution containing 3% (wt/vol) MgSO4 7H20, 0.26% (wt/vol) MnCl2 4H20, 0.2% (wt/vol) ZnSO4 7H20, and 0.14% (wt/vol) FeCl3 6H20; 2 g of yeast extract (Difco Laboratories, Detroit, Mich.); and 10 g of tryptone (Difco). Solid medium was obtained by adding 20 g of agar (Difco) per liter. All of the cultures were incubated at 32°C. Before the cells were used as a source of inoculum, the culture was maintained in exponential phase by several serial transfers in the same medium. After the final inoculation, samples were periodically removed and diluted as required, and optical density (OD620) was measured. In addition, the appearance of mature spores was monitored by determining the number of heat-resistant spores after samples had been heated at 80°C for 12 min and plated onto solid medium.
Synthesis of the crystal proteins. The molecular weights of the crystal proteins at different stages of the growth cycle, as well as the levels present, were determined by the following methods. A sample of 20 or 40 ml was mixed with an equal volume of ice cold 100 mM Tris hydrochloride (pH 7.5) containing 100 mM EDTA, and the mixture was centrifuged at 20,000 x g for 15 min. The pellet was suspended in the above buffer supplemented with 5% (vol/vol) ,B-mercaptoethanol and 2% (wt/vol) SDS and then was heated at 98°C for 15 min. After centrifugation at 40,000 x g for 30 min, samples of the supernatant fraction were subjected to SDS-PAGE and electroblotted onto nitrocellulose paper, and the crystal proteins were detected by an immunoblot assay performed with a mixture of antisera to the 43-and 63-kDa proteins which react with the higher-molecular-weight peptides (2). Another sample was used to quantitate the crystal protein by using the Bio-Rad microfiltration apparatus and the Bio-Dot procedure, using the Immun-Blot Assay Kit as described by the manufacturer. The standard was a solubilized crystal preparation which was passed through a P-200 column, and the fractions were combined to give approximately equivalent amounts of the 43-, 63-, and 110-kDa proteins. The standard and test samples contained 10 to 100 ng of crystal protein per sample as determined by the method of Lowry et al. (20) .
Protease assay and synthesis. Protease activity (7) was assayed at 32°C with 1% (wt/vol) Azocoll (Sigma) as the substrate in a reaction mixture containing (100 mM) the appropriate buffer, 3 mM NaN3, and 1 mM CaCl2. The pH optima were determined, with and without 2 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma), by using this reaction mixture and 100 mM each imidazole, Tris hydrochloride, and CAPS, adjusted to the desired pH. Since PMSF was dissolved in ethanol, all the reaction mixtures were adjusted to contain 10% (vol/vol) ethanol. On the basis of these results, the protease activities of subsequent samples were assayed only at pH 8.0 (100 mM Tris hydrochloride) and pH 10.5 (100 mM CAPS). The activities of extracellular proteases during growth and sporulation of B. sphaericus 2362 were determined in the supernatant fraction of samples which had been centrifuged at 40,000 x g for 30 min. To measure cell-associated protease, samples of 10, 20, (2), the purified protein, electroblotted onto nitrocellulose from SDS-polyacrylamide gels, reacted with antisera to both the 43-and 63-kDa crystal proteins (data not shown). When the toxicity of this protein was tested against second-and third-instar larvae of C. pipiens (2) , the concentration lethal to 50% of the larvae (LC50) was found to be 115 ng of protein per ml, with the lower and upper 95% confidence limits at 113 and 117 ng of protein per ml, respectively.
Toxicity of the 43-and 1lO-kDa proteins for tissue-culturegrown cells. Figure 2 (Fig. 2) . A plot of probit versus the logarithm of the amount (in micrograms) of the 43-kDa protein indicated an LC50 of about 54 jig of protein per ml. Purified 110-kDa protein, in contrast, reduced ATP levels by only S to 10% (tested at concentrations up to 300 p.g of protein per ml). Controls in which boiled 43-and 110-kDa protein were tested at final concentrations of 50 and 150 jig/ml, respectively, had no significant effect on the ATP levels (+4%). Figure 3 is a summary of five experiments in which cells were tested for their ability to exclude Trypan Blue as a function of the time of incubation with 30 and 75 ,ug of the 43-and 110-kDa proteins per ml, respectively. Each of the test points was corrected for mortality in the controls, which ranged from 8 to 23% of the cells by 160 min. Again, the 43-kDa protein was toxic, with 50% of the cells being killed in about 90 min, whereas the 110-kDa protein had no significant effect (less than 6% of the cells were killed by 160 min). Similar experiments with tissue-culture-grown cells of Spodoptera frugiperda (Sf21AEII) and Madin-Darby bovine kidney cells (ATCC CCL 22) tested with 50 and 125 ,ug of the 43-and the 110-kDa proteins per ml, respectively, indicated that neither preparation was toxic to these cell lines.
Growth, sporulation, and crystal protein synthesis. In the complex medium used in these experiments, B. sphaericus 2362 grew with a doubling time of approximately 45 min, and exponential growth terminated about 4 h after inoculation. A final yield of 3.6 OD units was reached at 13 h (Fig. 4) Properties and synthesis of the proteases. With Azocoll as the substrate, a pH-dependent activity profile of the proteases in the supernatant fraction of a 30-h culture of B. sphaericus 2362 was determined. The pH-activity profile in the presence of PMSF indicated the presence of a PMSFinsensitive protease with a pH optimum at about 10.5 (Fig.  6 ). When this activity was subtracted from the pH-activity profile obtained in the absence of PMSF, a PMSF-sensitive protease with a pH optimum of about 8.0 was readily apparent (Fig. 6) . By using the assays at pH 8.0 and 10.5 as a measure of each activity, we determined the sensitivities of these proteases to various inhibitors. Iodoacetate (5 mM), p-chloromercuribenzoate (2.5 mM), and 1,10-phenanthroline (5 mM) had no significant effect on either protease (inhibition or stimulation of less than 10%). On the other hand, 5 mM EDTA and 5 mM ethylene glycol-bis(,B-aminoethyl ether)N,N'-tetraacetic acid (EGTA) reduced both activities by 85 to 90%. The lowest concentration of EGTA or EDTA needed for total inhibition was 1 mM, a concentration at which all of the Ca2+ in the reaction mixture (1 mM) had been chelated. Using the same 30-h culture of B. sphaericus 2362, we also detected cell-associated proteases having properties of the extracellular enzymes. The activities were, however, less than 1% of that found in the supernatant fraction and were probably due to contamination of the preparation with the extracellular proteases.
When extracellular protease activities were determined at pH 8.0 and 10.5 during growth and sporulation of B.
sphaericus (Fig. 4) , the ratio of these two activities remained constant, at approximately 1.7, throughout the experiment.
The levels of both proteases increased at about 8 h and reached a maximal value at 23 to 28 h (Fig. 4) . sphaericus 2362 resembles the Lepidoptera-active species of B. thuringiensis in that it makes a high-molecularweight protoxin which is converted to a toxic peptide by proteolytic digestion. The evidence for this is that the 110-kDa crystal protein (and presumably its 125-kDa precursor) was active against mosquito larvae but inactive against mosquito cells grown in tissue culture, while the 43-kDa protein was toxic to both. The LC50 of the 43-kDa toxin for second-and third-instar larvae of C. pipiens is 35 ng/ml (2) . If all of the 43-kDa protein is derived from a 110-kDa precursor, the LC50 for the latter would be 90 ng/ml, a value close to the 115 ng/ml obtained in the present study.
In comparison with the larvicides of B. thuringiensis subsp. kurstaki and subsp. israelensis, that of B. sphaericus is not as toxic to tissue-culture-grown cells. Using the intracellular ATP assay, Johnson (16) and Johnson and Davidson (17) reported an LC50 of 7 to 15 ,ug/ml with B. thuringiensis subsp. kurstaki toxin and lepidopteran cells and an LC50 of 5 ,ug/ml with toxin of B. thuringiensis subsp. israelensis toxin and cells of dipteran origin. The LC50 value obtained with cells of C. quinquefasciatus and the B. sphaericus 43-kDa toxin was 54 pLg/ml (Fig. 2) . This relatively low toxicity to cells might be explained by a recent finding that at least one further step in the activation of the toxin is necessary; a molecule of 40 kDa is produced when Fig. 4 (10, 32) . The relationship of the 28-kDa toxin to the larvicidal activity of the crystal from B. thuringiensis subsp. israelensis is a matter of ongoing investigation and controversy (10, 14, 15, 36) .
From the kinetics of growth and synthesis of crystal protein, proteases, and heat-resistant spores (Fig. 4) , it is evident that, relative to sporulation, crystal protein formation in B. sphaericus is an early event, while synthesis of proteases is a later event. In our experiments, synthesis of crystal proteins, proteases, and mature spores was complete approximately 7, 18, and 22 h, respectively, after the cessation of exponential growth. Previous investigators (18, 38) concluded that the synthesis of the crystal in B. sphaericus is an early event, on the basis of ultrastructural studies and toxicity measurements during growth and sporulation with bioassays involving mosquito larvae. In B. thuringiensis subsp. kurstaki, crystal protein biosynthesis occurs considerably later (1, 35) .
The earliest detectable crystal protein in B. sphaericus was a 125-kDa protein (Fig. 5, lanes a' to c; Fig. 7, lanes a) . During the course of sporulation, this protein species gradually disappeared and the 110-kDa protein began to accumulate, suggesting that the latter is a degradation product of the former. The fate of crystal protein beyond this stage depends on the strain. In strains 2362 and 2297, the 110-kDa molecule appeared to be degraded to proteins of 63-and 43-kDa (Fig.  5, lanes d to k; Fig. 7 ). These degradation products were not detected in strains 1593 and 1691 within the 72-h span of the experiment; instead, degradation of the 125-kDa molecule produced numerous bands greater than 70 kDa in addition to the 110-kDa intermediate. A mechanism for the generation of 63-and 43-kDa proteins must be present in strains 1593 and 1691, since these products were formed during the purification of the crystals (2) .
Since protease(s) most probably mediate the apparently specific degradation of the 125-kDa protein to 110-, 63-, and 43-kDa peptides, we assayed the cells and culture medium of B. sphaericus for the presence of extracellular and cellassociated protease activities, with Azocoll as the substrate. There are specific sporulation-and germination-associated proteases which do not cleave Azocoll (29, 30) . Nevertheless, past observations that this substrate is more suitable for assaying a variety of proteases than are a number of other complex proteins (19, 25, 28, 31) led us to select Azocoll for our assays. Our results indicate that at least two extracellular proteases, with different pH optima (pH 8.0 and 10.5) and sensitivities to PMSF, were produced in cultures of B. sphaericus. These enzymes do not appear to be involved in the degradation of the crystal to 63-and 43-kDa proteins, since in vitro digestion of the purified 110-kDa protein at pH 8.0 and 10.5 resulted in the generation of numerous peptide intermediates none of which had sizes corresponding to the 63 and 43-kDa proteins (Broadwell, unpublished observations). These two proteases may, however, account for the observed decrease in total crystal protein (Fig. 4) but not for the apparently specific cleavage of the protoxin. Our inability to demonstrate the latter may be because the substrate is the 125-kDa molecule or that the substrate (125 or 110 kDa) is not a soluble protein but a component of a particulate crystal with limited available cleavage sites. Another explanation may be that a different specific intracellular enzyme is involved. It was not possible to use the 110-kDa protein to assay cell-associated proteases because the multiple bands in the cell extract made it impossible to interpret the results.
